UKIblNAL 



per 



wori.1) iNiiajjariUAi. iimmi-kty oboanbatjon 

fotcrn-nion.i) Buivau 




l..ivr..^.:. ... . t u . . ... . c 1 • ^ 



(51) liitrriiarioufti |* a ti>tit Classification 5 : 
C21B !/«) 



Ai j 

12 1 J I titer nation id A ( ;pU*atjr>o Numbtr: K.T/USWI 1754 

122) Inf<ri. M iH»n«l FHUir i»af<: 3 Dtftrnter 1993 {03.12 93) 



I (II) Inter iiafion.il l*uMii-<tH> u Nmnbrr: 



WO 3M/J4IM 

23 Juik P»4 (23.06.94) 



(30) Priority Data: 



' V iJcceuaber 1992 (10.1 2.92) US 



<7I) Applies: Br.CrklC IWJiK RESEARCH iNSITrUTF 
INC I US/US); 54 3 2 lifcw Avenue. rSoX(^M W 
(US). 

(72) tumcor,, MCKUBR^ Micbael. C. H, N 2 Uarfun S*c*r 
Mco)o P«k. CA 94025 (US). ROOM-HUIO, Komcu. 

•SMUMLfcY, S«*n. I.: 364 O'Connor Street. Mcalo WilL 
< A *t(>25 (US). TANZQXA. Francis, L.; 935 Buckland 
Aveouc. San Carlo*. CA WO (US). CROUCH- ftAKFK 
cT^;./-. ,J0 ,,>,:is Rrtad - 1>rtl ° * U <>< CA 94303 (US)' 
UU J * ,Wcph; 321 Q™^!, Us A) E <w. CA 944722 

\U.S). 

(74) A K *nK: (MI.UANI, Wiffiam. S. el a|.; Rchr, >k>bh, lh TrM 
-Jbr.no., A Ilcibcn. A ftnHarcricro Cooler. Suite "WOO S:«n 



(SI) felted State* AU. CA. Jr. E^pno ^tcm (AT Bl- 

c,^ I)K * C:K - m - ^ L *'- mc\ Nil rr! 



PublwherJ 

H7r'i international itajvh report. 



<S4) Ti,k: ^IWODS H)R FORMING TOMS W C%™»i»" 
(57) AUaci 

A method frr Jo„r J: „, : □ fib,, (10) on the our/^c of 

. * C «-y^ e <»- «ih,xie (7) and « antic (<» a,r 
n^.r.v. an r)c,in>l^ <*) coining * byrf,x>r;co faiu^ 

c»,rc„l ^;r,e <||). conduct ic-os may he. formed by 
enhances ,hc of .he hvaroficq i.wU>pc b«o the ca*,*)c 




WO 94/141^3 



PCT/US93/U754 



MET HODS FO R FOR MING FILMS ON CATHODES 
Background of the Invention 

1. Field of the Invention 

This invention relates to methods for forming films on 
5 cathodes, particularly films for facilitating 
electrochemical charging of metals and alloys with isotopes 
of hydrogen (H) . 

2. Description of Background Art 

The formation of compounds involving hydrogen isotopes in 
10 combination with certain metals and alloys is important 
because these compounds may be used for the storage of 
hydrogen isotopes .and as battery electrodes. Such storage 
of hydrogen is useful any time one wishes to subsequently 
oxidize the hydrogen to produce energy, e.g., for 
15 transportation or in a fuel cell. The application of this 
invention to battery electrodes can be for vehicle 
propulsion batteries and alternatives to nickel cadmium 
batteries . 

The electrochemical charging of metal cathodes with hydrogen 
20 is a known method for producing these so-called "hydrogen 
storage alloys". In this connection, the formation of films 
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on the metal cathodes can bo important, as loading may be 
affected by the film. In addition, the formation of films 
on palladium cathodes can be important because excess power 
evolution has been observed during the electrochemical 
S loading of the hydrogen isotope deuterium into palladium 
cathodes, and this loading may be affected by the film. 
Such excess power evolution has become known -collectively 
under the generic title of "cold fusion". The precise 
origin of the evolved energy is presently open to some 
debate, and the conditions under which it is reprodticibly 
obtained have not hitherto been defined . 



10 



20 



Disclosure of Inventio n 

A method of forming a film (10) on the surface of a cathode 
(7) to facilitate the loading of an isotope of hydrogen into 
15 the cathode (7) . The cathode (7) is immersed with an anode 
{9) in an electrolyte (5) containing an isotope of hydrogen 
and conducting ions, and both electrodes (7), (9) are 
connected to a current source (11) for promoting 
electrolysis and providing energy. Conducting ions may be 
formed by the inclusion of LiOH or Li OD or LiOT in the 
electrolyte. The addition of further elemental species or 
compounds to the electrolyte promotes the formation of the 
film (10), and this film (10) enhances the charging of the 
cathode (7) with the isotope of hydrogen from the 
25 electrolyte (S) . The preferzed embodiments described below 
are concerned with the specific example of the charging of 
a palladium cathode (7) with deuterium (D) . 

Brief Descriptio n of the Drawings 

FIG. 1 is a partly schematic diagram of an electrolysis 
30 system 1 generic to the specific examples of apparatus for 
carrying out the steps of the present invention; 
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FIG. 2 is a perspective diagram of an example of Che 
electrolysis system 1 of FIG. 1, showing two gas permeable 
anodes 51 and thin film cathode 52 

FIG. 3 is a partly schematic diagram of an example of the 
5 electrolysis system 1 of FJG. 1, including metal cup 53; 

FIG. 4 is a front cross-sectional view of electrolysis cell 
22 described in Example 1 herein; 

FIG . 5a is a front view of electrolysis cell 40 described in 
Example 2 herein; 

10 FIG . 5b is a front cross- sectional view of electrolysis cell 
•40 described in Example 2 herein; 

FIG . 6 if a front cross - sect ional view of electrolysis cell 
6 7 described in Example 3 herein; and 

FIG. 7 is a partial cross- secti onal view of a cathode 7 
15 which may be used in all examples illustrated herein. 

Descri ption of the Preferred Embodiments 

FIG. 1 shows a schematic diagram of electrolysis system 1 
suitable for practicing the method of the present invention, 
for loading deuterium into a palladium cathode 7, 

20 Electrolysis system 1 includes container 3 filled with 
electrolyte 5. The system 1 may be enclosed in a 
pressurized or sealed enclosure 2, which may also serve as 
a heat exchanger or may comprise various heat exchange 
devices, well known in the art, for extracting and 

25 transferring heat from the system. The electrolysis system 
1 also includes two electrodes 7,9 at least partially 
immersed in electrolyte 5. A current source 11 is connected 
between electrodes 7,9 to generate a flow of ions within 
electrolyte 5 between the two electrodes 7,9. A voltage 

3 0 measuring device 4 indicates the potential difference 
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between the electrodes 7,9. Cathode 7 preferably is 
constructed of a metallic bulk region or rod 6 having an 
outer layer of palladium, and anode 9 is constructed of 
platinum, palladium, ar some stable non- elemental metallic 
5 conductor material. Although palladium is the preferred 
surface material for use in the cathode 7, other materials 
such as palladium alloys are suitable substitutes. The bulk 
region may be constructed of; metal having a low deuterium 
permeability, such as copper. 

10 As shown in Fig. 7, the surface of cathode 7 preferably 
comprises a metal 8 having a crystal structure such that 
roughly polyhedral spaces are enclosed by the metal atoms in 
the crystal lattice. For example, palladium has a face- 
centered cubic crystal structure with roughly octahedral 

15 interior spaces. Deuterium atoms can occupy these sites. 
The palladium structure 8 thus acts as a storage medium for 
deuterium. In addition, this association of deuterium 
within the palladium host material causes a phenomenon which 
results in the release of - heat. The purpose of the 

20 electrolysis system l is to cause deuterium to be drawn to 
the negatively biased cathode 7 in order to load the metal 
0 with deuterium. After the deuterium is loaded into the 
metal 8, excess heat is generated when the deuterium 
interacts with other elemental species in the vicinity of 
25 cathode 7. The interaction may occur between deuterium 
atoms or deuterium and H, D; Li, B or Pd. 

FIG. 1 shows a system 1 having a single electrolysis cell 12 
comprising anode 9 and cathode 7. Alternatively, a 
plurality of such cells 12 may be connected together. 

30 Palladium (Pd) 7 

The palladium cathode may be fabricated, either in the form 
of a Pd rod electrode 7, or in the form of a Pd layer 0 
electrodeposited onto a Cu rod 6. The bulk Pd should be of 
high purity, and typically it is annealed in a vacuum 
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Electrochemical Cell 12 Specif icationo 

in electrochemical cell, 32 designed for lo deuteriu|p 

9« xnto cathode n, n. la important to provi J a un fc -»« 

current over as much of the surface ^ ? 
- posszble. The deuterium ions which dissolve into the metal 
7 are in a state of dynamic equilibria, with the gas phase 

To 2 e T' r, d the transfer of surface ad3orbed 

to the absorbed state is rapid and reversible As a 
conscience, .eta! , wiU charge with the gas as long as the" 
10 nward of deuterium ions is greater than the outward 

flux of deuterium gas . In non . uniform current fl 
cathode 7 may load unevenly, allowing the deuterium entering 
fro. the areas of high current density, and presumably high 
loadmg, to ieak aw , y tQ the q£ J J 

15 presumably low loading. Also in order , 
--ere the current distribu^™ 

::irr contacts 1543 — - p — « «- - - 



The requirement for a uniform current density can be met if. 
1) ail pomes on the cathode 7 surface have the same 

™t r 2> aii — - «~ > - e at th : 1:1: 

Potential. A symmetrical electrode 7.9 arrangement, such as 

;:i; at ; ode . 7 - * — , of cyIindric : 

>5 LothL k" - PIGS - 4 " 6> ' - Cfcs these- constraints. 

-thode ; 18 shown. in pig. 2 , where „ thin _ £iln| 

cathode 52 is sandwiched between two gas permeable Anodes 

cathode " C : nSeqUCnCe ° f the above requirements is that 
cathode 52 must be fully immersed in electrolyte 50 in order 
Prevent 9« S Jeakage from cathode 52. 

-th fj depends on the surface conditions. Materials which 
deposrt on cathode 7 as a result of prolonged electroly 
can severely affect the rate of ingress of gas into the 
-tal and . consequently, the degree of loading. Because 
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of this, it is necessary to be careful about the choice of 
anode 9 and cell container 3 mater.ia.ls.. Quartz glass and 
pqlytetraf luoroet hyl ene (PTFE) are examples of suitable 
container 3 materials. For the same reason, anode 9 metals 
5 other than Pt or Pd should be avoided; stable electronically 
conductive non-elemental metallic anodes 9 are suitable. 



Method of Cell 12 Construction 



All electrochemical cells 12 contain an anode 9 and a 
cathode 7. The predominant cathode 7 reaction of the 
10 present invention is the reduction of D 2 0. The anode 9 
reaction is a mixture of two reactions: 



40D" v* 2D 2 0 + 0 2 + 4e" Eq. (1) 

D 2 + 20ir 2D 2 0 -i- 2e" Eq. [2) 

The relative contributions of these to the anode 9 current 
IB are determined by the kinetics of each reaction. If the 
predominant anode 9 reaction is described by Eq. [1], then 
the minimum cell voltage measured by the voltage meter 4 
will be 1.27 volts at room temperature, after deuterium 
loading has occurred. When the minimum cell 12 voltage 4 is 
20 applied, there is no net electrochemical current in the 
cell. Under operating conditions, increased values of the 
electrochemical current are required. As current from the 
source 13 is increased, the cell 12 voltage 4 rises rapidly 
due partly to the overvoltage required for oxygen evolution 
25 described in Eq . [1] . On the other hand, if the reaction of 
Eq. 12] predominates, then the minimum cell 12 voltage 4 is 
0 volts, after deuterium loading has occurred. At the 
m:.. imum cell 12 voltage 4, there is no net electrochemical 
current in the cell. Under operating conditions, increased 
30 values of the electrochemical current are required, and the 
cell .12 voltage 4 will not rise as rapidly with increasing 
current 11 , because of the very fast kinetics of this 
react ion . 
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There are at least two advantages attributable to the Eq . 
(2) reaction. The first advantage is that the electrolysis 
system 1 can be operated under reducing conditions (i.e. 
absence of free oxygen) . In cells 12 that produce oxygen, 
5 there is always the possibility that the cathode 7 surface 
will react with the oxygen to produce an oxide layer which 
acts as a barrier for deuterium transport across the 
electrolyte 5/metal 7 interface. This is not conducive to 
the achievement of a high D/Pd atomic ratio. Generally 
10 speaking, a high D/Pd ratio is desirable. 

The second advantage to the reaction of Eq . [2} is that the 
ratio of excess power to input power can be maximized. 
Experimental evidence shows that excess heat increases with 
increasing current density, and with this Eq . [2] reaction, 
15 high current densities can be achieved with a relatively low 
input power (i.e., low cell 12 voltage 4). For commercial 
applications, this provides a cost benefit. 

The technique disclosed herein embodies several features 
which promote the Eq . [23 reaction at anode 9. The Eq. [2] 

20 reaction is kinetically very fast, and even at low current 
densities is diffusion controlled; whereas the Eq. [1] 
reaction cannot be diffusion controlled for an electrolyte 
5 that contains mostly D 2 0 . In order to promote the 
reaction of Eq . [2], the supply of D 2 to the anode 9 surface 

25 must be significantly enhanced. A method of achieving this 
enhancement is by increasing the concentration of D 2 in 
electrolyte 5. The D 2 concentration in electrolyte 5 can be 
increased by exposing electrolyte 5 to high pressure D 2 . 
Other way3 of increasing the supply of D 2 to the anode 9 

30 surface are by utilization of gas permeable anodes 51 {FIG. 
2), or by using a very small anode 9 to cathode 7 spacing. 
The gas permeable electrode 51 shown in PIG. 2 is a porous 
structure that significantly increases the three phase 
contact area between the deuterium, the electrolyte 5, and 
35 the metal phase of anode 51. 
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Another way to increase the supply of deuterium to the anode 
9/e.lectrolyte 5 interface is to contain electrolyte 5 in a 
metal cup 53, that is highly permeable to deuterium, and to 
suspend cup 53 in high pressure deuterium gas 54, as shown 
5 in FIG. 3. Metallic cup 53 serves as an anode through which 
current introduced by current source 4 5 can cause 
electrolyte 47 ions and D 2 0 to interact with cathode 52. 
The high pressure deuterium gas 54 surrounding cup 53 
maintains a high concentration of deuterium at the anode 
10 53/electrolyte 47 interface and promotes the Eq. \2) 
reaction described above. 

Apart from the ability to operate under pressure, enclosing 
electrolysis system 1 in a sealed enclosure 2, 49 has 
several other advantages. The electrolyte 5,47 is retained, 
.15 which avoids the need for replenishment of D 2 0; and the 
system 1 is sealed from substances (such as H 2 0) the^t are 
deleterious to high deuterium loadings and excess heat 
production. 

Electrochemical Treatment 

20 For optimum loading, cathode 7 should be pre-charged at a 
moderate current density (between 10 and 100 mA/cm 2 ) for a 
time corresponding to three or more diffusion periods. A 
diffusion period is represented approximately by x 2 /D, where 
x is the thickness of the metal layer 8, and D is the 

25 average chemical diffusion coefficient of deuterium in the 
metal 8. For cylindrical cathodes 7 of radius between 3 mm 
and 5 mm, currents of between 10 mA/cm 2 and 100 mA/cm 2 are 
typically used for a time of between 3 days and 10 days. If 
the cathode 7 preconditioning and electrolyte 5 conditions 

30 are as described above, the average atomic ratio {D/Pd) 
generally achieved in the steady state will be between 0.8 
and 0.95. A high loading ratio is important for the 
initiation of heat generation. Ratios of at least 0.8 
(preferably at least 0.9) are required. A D/Pd ratio of 

35 unity or higher is even better. The loading can be 
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determined by measuring the resistance of cathode 7, as 
discussed below. 

In addition to facilitating loading, maintaining a moderate 
current density for a further period of time facilitates the 
S formation of a film 10 on the solution side of the cathode 
7/electrolyte 5 interface. Aluminum (Al) introduced as an 
additive species to electrolyte S has been observed to 
further promote this film 10 formation. Alternatively, Si 
and B are satisfactory additive species to electrolyte 5. 

10 In addition, other elements believed to promote film 10 
formation include 3a r Ca, Cu, Fe, Li, Mg, Ni , £c, Ti , V, Y , 
and Zr. The film .10 is believed to be gelatinous in form, 
and therefore of an ill-defined thickness, during 
electrolysis. After completion of the process, only a 

15 dehydrated version of the film 3 0 can be observed and 
tested. This dehydrated version of the film 10 can have a 
thickness of approximately 1 micron. The composition of the 
film 10 derives from the additive species as well as 
elements fi"om components involved in the process. The 

2 0 composition of the film 10 in its gelatinous form is 
impossible to determine, but the composition of the 
dehydrated version of the film 10 has been determined to be 
approximately 10 wt% Pt, 2 wt% Si, 1 wt* Al , i wt£ Na, and 
unknown percentages of C and 0, in a specific embodiment 

25 described in Example 3. 

Time must be provided for Li and the additive species to 
diffuse and elect romigrate into the Pd solid 7 from 
electrolyte 5; and for minority element segregation to occur 
by diffusion within the beta-phase PdD x and by 
30 electromigration within the metal phase. 

Film 10 formation (see Fig. 7) through the addition of 
elemental species to electrolyte 5 results in improved 
absorption of deuterium into the palladium 7. This film 10 
is believed to improve absorption by several mechanisms. 
35 First, the film 10 serves as a deuterium ion (D*) conductor 
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to facilitate the transport of desirable species (D 4 ) to the 
Pd layer 0 whi l e selecting against the transport of 
electrolyte 5 impurity cations that may deposit onto the 
surface of cathode 7. Such deposited species may prevent D 
5 absorption by acting as an impermeable layer or by 
catalyzing the alternate process of recombination (D,, as - f D lds 
*-> D 2 ,gas) . second, film 10 serves to hinder recombination 
by blocking molecular adsorption sites and preventing atomic 
and molecular diffusion on the surface of cathode 7. Third, 
10 film 10 serves to prevent the nucleation of D 2 oas bubbles' 
thereby increasing the effective pressure of deuterium and 
the limit of loading (D/Pd) . Finally, to the extent film i 0 
forms over cracks and other Pd surface imperfections 
deloading at these sites is reduced or prevented. 

.15 The existence of a surface film 10, its character, and its 
role m facilitating loading, can be determined from the 
results of electrochemical impedance measurements of the 
cathode 7/electrolyte 5 interface. 

The onset of excess heat production is initiated by 
20 increasing the current density. This has the effect of 
increasing the loading until the average loading, D/Pd 
increases to a level sufficient to generate excess heat 
For Pd cathodes 7 of diameter between 3 and 8 mm, this has 
been observed at loading ratios between 0.95 and 1.0 for 
25 current densities on the order of 300 mA/cm 2 . 

A cathode 7 that is adequately loaded for a sufficient 
Period of time and subjected to a sufficient interracial 
current density will yield excess heat. High currents are 
desirable for three reasons: to attain high loading, to 
attain D fluxes in the metal phase, and to permit a film 10 
to form appropriately at the cathode 7 and electrolyte 5 
interface. 

in many cases, it is not possible to achieve or to maintain 
high loading levels. Significant causes of this deficiency 



30 
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arc: the? presence on r.he Pd surface 7 of hydrogen 
(deuterium) recombination catalysts (e.g., Pt); the 
existence of cracks in the metal 8; excessive temperatures; 
and fluctuating currents. One role of the surface film 10 
5 is to prevent the migration to the surface 0 of species 
introduced with electrolyte 5, from anode 9, or from 
container 3 that, when deposited on cathode 7, will catalyze 
D 2 recombination. 

If adequate loading is not achieved or has not been 
10 maintained, it sometimes is possible to remove surface 0 
active agents that are deleterious to loading and to 
restructure the Pd surface film 10 to facilitate reloading. 
This can be accomplished by holding Pd cathode 7 anodic at 
a sufficient current density and for a sufficient time to 
IS raise the potential of the Pd to the point where oxygen 
evolution just begins to dominate deuterium oxidation. It 
is not desirable to evolve oxygen on Pd cathode 7 at any 
significant rate, as the surface oxide that forms resists 
reduction and is a barrier to the entry of deuterium on 
20 subsequent cat hodization . Following this anodic treatment, 
the surface 8 should be held cathodic at current densities 
of at least several mA/cm 2 for a day or more to reform the 
surface film 10. Then the generation of excess heat can be 
obtained, by increasing the current density. 

25 Having now described general features and characteristics of 
the invention, detailed below are three examples of 
structures in which it may be practiced. 

Example 1 

CeJJ 22 s 

30 Referring now to FIG. 4, a medium pressure cell 22 is shown. 
A vessel 21 is constructed of copper and has a cylindrical 
sleeve shape with an internal surface of platinum, which 
acts as the anode 19. Positioned along the central axis of 
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vessel 21 is palladium cathode 31. Cathode 31 is 
cylindrical in shape and contains voltage connectors 15 on 
each end. Separating cathode 31 and ancde 19 is electrolyte 
27 consisting of LiOD in D 2 0. A temperature sensor 32 
5 penetrates vessel 21 to contact cathode 31 . 

In order to avoid electrolyte 27 contamination during 
operation, the electrolyte 27 is exposed only to the 
materials palladium, platinum and poly tet raf luoroe thylene 
(PTFE) . The inner surfaces of cell 22, as well as the 

10 surfaces of the copper and brass fittings external to the 
portions of cell 22 exposed to the electrolyte 27, are 
coated with a 2S micron nickel (Ni) film and a 5 micron film 
of Pt deposited using an electrolysis plating method. All 
metal and PTFE cell 22 surfaces are solvent cleaned and 

IS rinsed. The Pt coated surfaces are further washed with aqua 
regia and rinsed with D 2 °- 

Cathode 32 

Palladium cathode 31 is a 7mm dia., 4 cm long Pd rod, 
machined from a twice-melted pure Pd source, A 2mm threaded 

20 hole 30 is machined in the center of the side of cathode 31 
to accept temperature sensor 32. Once machined, cathode 31 
is vacuum annealed at 800°C for two to three hours and 
cooled in one atmosphere of D 2 . Cathode 31 is next dipped 
in aqua regia for 20 seconds and rinsed with D 2 0 immediately 

25 before cell 22 assembly. 

Electrolyte 27 Freparatioii 

The 0.1M hiOD electrolyte 27 is prepared by adding 0.035g Li 
metal (Aesar 99.9% used as received) to 50 ml D 2 0 (Aidrich 
99.9 atom % D, as received). This preparation is carried 
30 out under a nitrogen atmosphere, preferably immediately 
prior to use . 
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pressure gauge on the external manifold and recorded 
manually. As the diffuses into the Pd cathode 3.1, it is 
compensated by adding D 2 to maintain a constant cell 22 
pressure. 

5 The foregoing apparatus is useful for performing a 
calorimetry experiment, in which one seeks to compare the 
known and measured sources of input energy or power to the 
system with the observed output energy or power. The 
difference between the output energy and input energy is 
10 defined as the "excess heat". 

Using the procedure and apparatus above, a calorimetry 
experiment was performed over a duration of 700 hours. 
Excess heat was first observed after 300 hours of 
electrolysis and was observed in bursts on six separate 
15 occasions. The maximum excess power observed was 1.75 watts 
(W) (52% in excess of the input power); the total excess of 
energy was 0.072 Mega -Joules (MJ) or 0.3 3 MJ/mole of Pd . 

Ex ample 2 
CeJ 2 4 0 
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Referring now to. FIGS. 5a and 5b, a medium- pressure cell 40 
is shown. The containment vessel 36 is constructed of Ni 
and has a cylindrical sleeve shape with an internal surface 
of Pt, which acts as the anode 41. Positioned along the 
central axis of vessel 36 is palladium cathode 39. Cathode 
3 9 is cylindrical in shape and contains cathode current 
connectors 44 and voltage connectors 43 on opposing ends. 
An anode connection 47 is attached to the outside of the 
vessel 36. Separating the cathode 39 and anode 4 1 is the 
electrolyte 38, consisting of LiOD in D 2 0. A reference 
electrode 42 penetrates vessel 36 to contact electrolyte 38. 

In order to avoid electrolyte 30 contamination during 
operation, the electrolyte 30 is exposed only to the 
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materials palladium, platinum, and polytctraf luoroethylene 
( PTFE) The inner surface of the Ni vessel 36, as well as 
the surfaces of Che Ni fittings exposed to the electrolyte 
38, are coated with a 25 micron Ni film via an electrolese 
5 plating method and then with a 5 micron film of Pt via an 
electroplating method. This Pt coating serves as anode 41. 
All metal and PTFE cell surfaces are solvent cleaned and 
rinsed. The Pt coated surfaces are further washed with aqua 
regia and rinsed with D 2 0. 

10 Cathode 39 

The Pd cathode 39 is a 3mm dia., 5 cm long Pd rod (4.5 mm 
exposed to electrolyte 38), machined from a i/Q- pure Pd 
wire-; Cathode 39 is threaded 2.5mm on each end. Cathode 3 9 
is then solvent cleaned, vacuum annealed at 000°C for two to 
15 three hours, slowly cooled in one atmosphere of D 2 , and 
maintained in the D 2 until cell 4 0 is ready for assembly. 

SJect.rolyce 30 Preparation 

The l.o M LiOD electrolyte 30 is manufactured by adding 
0.175g Li metal to 25 ml D 2 0. This procedure is carried out 
20 under a nitrogen atmosphere, and electrolyte 38 is prepared 
. immediately prior to use. A Ni cathode 39 of shape and size . 
identical to palladium cathode 39 is temporarily assembled 
mto vessel 36 with 20 ml of electrolyte 30. The Ni cathode 
39 is held at 0.5 mA cathodic with respect to the cell wall 
25 anode 41 for three hours to help remove impurities from 
electrolyte 30. This pre-electrolysis is carried out under 
a 40 psig pressure of N ? before the Ni cathode 39 is removed 
and discarded. 

Cell 40 Assembly 
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An external 100 ohm steel sheathed heater {.04- diameter. 
72" long) is wound in a groove y , machined around th ' Q 
outside of vessel 36. Cell 40 is assembled immediately 



W0 94/14,63 PCTA1S93/I1754 

-17- 

after pre- electrolysis with minimum exposure to air or }«: 2 o. 
Cathode 39 is threaded into one coated Ni end-piece 46 and 
inserted into vessel 36. The other end-piece 46 is then 
threaded onto cathode 39 in vessel 36 as above. A 3mm Ni 
5 electrode 42 coated with Pt (to be used as a pseudo- 
reference electrode) is sealed into the threaded hole 34 in 
the middle of vessel 36. A 1/8" outside diameter external 
Ni tube 48, extending out of vessel 36, is sealed to the 
pressure inlet 35, above the level of electrolyte 35. The 
vessel 36 is pressurized to 1000 psig with D 2 via tube 48. 

Cell 40 is allowed to operate for two hours to ascertain the 
integrity of cell 40. Cathode 39 is held at 20 mA cathodic 
for approximately one hour. The current is increased in 
10mA steps to 50 mA over a two hour period. As the D 2 
diffuses into the cathode 39, it is compensated by adding D 2 
via tube 48 to maintain a constant cell 4 0 pressure. 
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Usincj chis procedure and apparatus, a calorimetry experiment 
was performed with u total duration of 1400 hours. Excess 
heat was first observed after 44 3 hours of electrolysis and 
was observed in bursts on four separate occasions. The 
maximum excess power observed was 2.0 watts <W) (53* in 
excess of the input power); the total excess of energy was 
2.07 MJ or 30 MJ/mole of Pd . 

Example 3 

25 Cell 67 

PIG. 6 shows a cell 67 which operates at approximately 
atmospheric pressure. The vessel 69 is constructed of Al 
and has a cylindrical sleeve shape with an internal surface 
of PTFE. Positioned along the central axis of vessel 69 is 
30 palladium cathode 55. A cathode current connection 83 and 
an anode connection 85 are attached. 
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. Approximately 20 ml of 1M L.iOD with - 200 ppm (molar) Al is 
added to vessel 69. A I/O" outside diameter Ni tube 81 
extending out of cell 67, is attached on the top of vessel 
09. Vessel 69 is pressurized to 50 psig with D 2 . 

5 Using this procedure and apparatus, a calorimetry experiment 
was performed with a total duration of 1630 hours. Excess 
heat was first observed after 308 hours of electrolysis and 
was observed on ten separate occasions, in all cases 
initiated during and persisted after the conclusion of an 
increasing current ramp. The maximum excess power observed 
was i.o watts (W) (io% in excess of the input power); the 
total excess of energy was 1.08 MJ or 45 MJ/mole of Pd. 

The invention has now been explained with reference to 
specific embodiments which involve the charging of palladium 

lb with deuterium. Other embodiments, which can involve the 
charging of other metal cathodes with other hydrogen 
isotopes, will be apparent to those of ordinary skill in the 
art in light of this disclosure. Therefore, it is not 
intended that this invention be limited, except as indicated 

20 by the appended claims. 
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1. A -method for forming a film on a metal cathode, said 
method comprising the steps of: 

immersing the metal cathode in an electrolyte 
.5 containing an- isotope of hydrogen and other elemental 
species; and 

holding the cathode at a negative potential to generate 
in the cathode an electrical current to allow said other 
elemental species to form a film on said cathode ; 
10 said current further facilitating the loading of the 

hydrogen isotope from the electrolyte into the cathode. 

2. A method for forming a film on a palladium cathode, 
said method comprising the steps of ; 

immersing the palladium cathode in an electrolyte 
15 containing D 2 0 and other elemental species; 

holding the cathode at a negative potential to generate 
in the cathode an electrical current to allow said other 
elemental species to form a film on said cathode; and 

said current -further facilitating the loading of 
20 deuterium from the electrolyte into the cathode. 

3. The method of claim 1, wherein said species are 
selected from the group of elements comprising Al , Si, B, 
Ti, hi, Sc, Zr, Y, Mg, Ca, Ba, Fe, Ni , Cu, and V, 

4. The method of claim 1, wherein the step of holding the 
25 cathode at a negative potential induces the movement of said 

other elemental species to said cathode. 

5. The method of claim 2, further comprising the step of: 

supplying energy to the loaded deuterium to allow 
deuterium to interact and generate heat. 

0 G. The method of claim 5, wherein the step of supplying 
energy to the loaded deuterium is fostered by applying an 
electrical current to the cathode. 
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7. The method of claim l, further comprising an initial 
step of depositing Pd onto a metallic rod to form the 
cathode . 
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